ABSTRACT Helicoverpa armigera (Hü bner) infests many economically important crops in India, including cotton, pigeonpea, chickpea, sunßower, corn, chili, tomato, and okra. These crops are cultivated in proximity to each other in central and southern India. The current study examined the relative abundance of H. armigera on different host crops within a crop mosaic. Field studies conducted over two growing seasons (2000 Ð2001 and 2001Ð2002) indicated differences in egg and larval densities among the host plant species. All of the host crops supported eggs and larvae of H. armigera, but the populations on pigeonpea and chickpea were signiÞcantly greater than on cotton and other host crops. Egg numbers also were signiÞcantly higher on sunßower, okra, and tomato than on cotton, but larval numbers were not signiÞcantly different from cotton at comparable times. Both egg and larval numbers on corn and chili were not signiÞcantly different from those on cotton. This study demonstrates that a number of host crops of H. armigera support large populations at the same time that cotton is infested. Thus, these crops may act as important sources of refuge for Bacillus thuringiensis cotton plantings in central and southern India.
The noctuid Helicoverpa armigera (Hü bner) is a major pest of many economically important crops in India, including cotton, pigeonpea, chickpea, sunßower, tomato, sorghum, millet, okra, and corn (Manjunath et al. 1989 , Sharma 2001 . In particular, H. armigera is the predominant bollworm on Indian cotton, causing 14 Ð 56% damage (Kaushik et al. 1969 , Manjunath et al. 1989 , Jairaj 1990 ). Fifty-four percent of the total insecticides used on all crops in India are used on cotton, and most of these are directed against H. armigera (Mohan and Manjunath 2002) . As a consequence, this pest has evolved resistance to many insecticides in India (Armes et al. 1996 , Kranthi 1997 .
A novel tool is now available to control H. armigera in the form of cotton genetically engineered to express an insecticidal protein, Cry1Ac, derived from the bacterium Bacillus thuringiensis (Berliner) (Bt). These transgenic varieties (Bt cotton) provide effective control of H. armigera and other bollworms such as Earias vittella (F.) and pink bollworm, Pectinophora gossypiella (Saunders). Bt cotton varieties have now been registered for commercial use in the United States, Australia, Mexico, Colombia, Argentina, China, India, and South Africa. A critical part of the introduction of Bt cotton is to ensure that it is used appropriately and judiciously. One element of this product stewardship is the implementation of management strategies to slow the rate at which target insect species such as H. armigera evolve resistance to the Cry1Ac protein.
The resistance management strategy for Bt cotton critically depends upon the provision of refuges of non-Bt plants where populations of susceptible target insects may build to mate with any rare resistant insects that emerge from Bt cotton. In countries where cotton is grown intensively on large, relatively homogeneous farms (such as in the United States), farmers planting Bt cotton also are required to plant refuges of conventional cotton. However, where farm sizes are smaller and cropping systems are more diverse, as in much of Asia and Africa, several other crop (other than cotton) species that can support the target pests of Bt cotton may be an important source of refuge inherent to these systems. If the target pests are using a variety of these alternative host plant species, and they are not being controlled using Bt on these other hosts, then structured refuges for Bt crops may not be necessary under these conditions. In these cases, both cropping practices and the degree of polyphagy of the target insect species are important.
The case of H. armigera in India seems to be particularly amenable to resistance management through an approach based around alternative hosts. This insect can be found on Ϸ180 plant species other than cotton, including many of the major pulse crops, many vegetables, and both dicotyledonous and monocotyledonous species (Manjunath et al. 1989) . In particular, pulse crops such as chickpea and pigeonpea are major hosts of H. armigera and are planted on larger areas than cotton (Directorate of Economics and Statistics 2003) . Furthermore, the Indian agricultural landscape is highly fragmented, and many alternative crop hosts of H. armigera are cultivated alongside cotton. The crop phenology in India ensures the presence of Þve to six alternative hosts of the pest in any given part of the growing season (Manjunath et al. 1989 , Khadi et al. 2003 . However, for this approach to be viable, a number of conditions must hold:
1. The target pest species must use multiple host plant species that overlap in both space and time. This has been found to occur for H. armigera under natural conditions (Manjunath et al. 1989 ). 2. The attractiveness of the different host plant species and the pest population dynamics on these hosts must be comparable to allow the different alternative hosts to produce sufÞcient susceptible insects at the right time to interbreed with any resistant insects emerging from the Bt cotton.
3. The distribution of these different host plant species must overlap at a sufÞciently Þne scale and consistently enough to act as a functional refuge in all relevant cotton-growing regions. 4. The pest insects must move between the different host plant species and individuals produced on one host must be capable of mating with individuals produced on other hosts.
In this study, we examined whether the Þrst two of these conditions hold for H. armigera in the cotton belts of central and southern India. We quantiÞed the population sizes of H. armigera on adjoining Þelds of different host crops, including cotton, pigeonpea, chickpea, corn, sunßower, tomato, and okra, at locations throughout the cotton belts of central and south India over the course of 2 yr. In a separate study, we have used satellite mapping to examine the third of the conditions (K.C.R. et al., unpublished data).
Materials and Methods
Study Locations. Selected areas had to contain cotton Þelds, along with any two alternative hosts of H. armigera in adjoining Þelds. Each crop occupied an area of at least 0.4 ha (1 acre) at each location. All the locations were within intensive cotton-growing areas where the pest incidence typically is high during the growing season. The general cropping pattern was the same each year in a given location. Six of the eight locations were in farmersÕ Þelds, whereas the other two locations belonged to universities. Agronomic practices were as per local farmer practice. The study was carried out during the main cottongrowing season (Kharif) in both years. In general, all of the crops at a given location are planted at a similar time, taking advantage of prevailing soil moisture; farmers, in general, prepare the land with the Þrst showers followed by sowing with second rains. Even in areas under irrigation, crops are sown at a similar time to use the rainwater. SpeciÞcally, pigeonpea, okra, and tomato are typically planted with cotton. Most of the study locations are rain-fed, and the only crops grown under ensured irrigation are rice, wheat, and certain vegetables, none of which are focal crops for this study.
The following is a brief description of the nature and planting details at the individual locations, moving from the most northern location to the most southern location ( Fig. 1 commonly is intercropped with pigeonpea and also is cultivated as a sole crop. Pigeonpea, sunßower, chili, and corn also are cultivated as sole crops. The crops selected for the study (cotton, sunßower, and pigeonpea) were sown during the second week of July and cultivated on black, rain-fed soil. Wani Rambapur. This site is located 30 km from the collaborating institution. The cropping pattern is similar to that at the Punjab Rao University farm. Cotton, pigeonpea, and chili were grown on black, rain-fed soil and were sown during the fourth week of May, fourth week of June, and second week of July, respectively.
Rangapur and Muttojipet. Both locations are 160 km from the collaborating institution. Cotton is grown extensively in both locations, along with chili and corn. The crops included for the study were cultivated on red soil. Both cotton and chili were under irrigation and were sown during the second week of July and fourth week of August, respectively. Two successive crops of corn were sown during the Þrst week of July and Þrst week of October.
Ekalashpur. This site is located 5 km from the collaborating institution. This region is characterized by cotton intercropped with pigeonpea, as well as sole crops of pigeonpea, sunßower, chickpea, sorghum, and corn. The crops selected for the study were cultivated on deep black, rain-fed soil. Cotton and pigeonpea were sown during the second week of July, sorghum during the fourth week of October, and chickpea during the second week of November.
Hosur. This site is located 15 km from the collaborating institution. General cropping pattern and soil type are similar to those at Ekalashpur. Of the crops selected for the study, cotton was cultivated under irrigation, whereas pigeonpea, chickpea, and sorghum were cultivated under rain-fed conditions. Cotton and pigeonpea were sown during mid-July, whereas sorghum and chickpea were sown at the end of October and in mid-November, respectively.
Tamil Nadu Agricultural University. This university farm contains many types of crops, including many vegetables, cotton, and cereals. The selected crops were cultivated on red soil. Cotton was grown under irrigation and was sown during the second week of August, whereas pigeonpea and chickpea were rainfed and were sown during the fourth week of June and second week of November, respectively. Madampatti. This site is located in a red soil area, 25 km from the collaborating institution. Cotton is one of the predominant crops, along with vegetables and corn. The crops chosen for the study were grown under irrigated condition. Cotton was sown during the last week of August. Two successive crops of tomato and okra were included. The Þrst crop of tomato was sown during the Þrst week of September, whereas the second crop was sown in the last week of November. The two crops of okra were sown during the last week of August and the last week of November, respectively.
Sampling. Counting of immature stages was restricted to eggs and larvae of H. armigera. Pupal counts could not be carried out because of practical problems associated with recovery of pupae from the soil. Counts were carried out every 15 d, beginning 30 d after sowing and lasting until harvest. During each count, eggs present up to 10 cm from the tip of the plant and the number of larvae on the entire plant were recorded for 20 randomly selected plants in each Þeld. Plants sampled once were tagged and not sampled again.
Analysis. Counts of H. armigera at each sampling time were converted to numbers per hectare by using the plant density of each crop. Eggs and larvae also were observed on the weed Lagascea mollis Cavanilles (Compositae), found growing around the experimental plots. However, the populations on this weed could not be quantiÞed on a per hectare basis because of difÞculty in estimating the weed population size.
The numbers of eggs and larvae on cotton were compared with the numbers on other crop hosts in a particular location at the same time. For a given pair of crops, this analysis was performed across all locations where both crops were present. WilcoxonÕs signed rank test was used because of the irregular data distributions (Sigmastat 2.0, Jandel Corporation 1995). Only sampling times when insects were present on one or both of the crops were included. Sorghum was not analyzed because insect populations were only present for a short time on this crop. Tables 2  and 3 . Comparisons of the abundance of eggs and larvae on cotton relative to the other host crops are presented in Table 4 .
Results

H. armigera
Egg Numbers. Egg numbers varied greatly among the crops and across locations, and large ßuctuations also were seen over the growing season with all crops in both years (Figs. 2Ð9) . However, oviposition coincided mostly with the bloom period in each crop. Oviposition was essentially continuous on cotton and pigeonpea during the comparable time points at the Punjab Rao University farm, Wani Rambapur, Ekalashpur, Hosur, and the Tamil Nadu University farm in both years (Figs. 2, 3 , and 6 Ð 8), with increased numbers of eggs during the bloom period. At Madampatti (Fig. 9) , continuous oviposition was observed on cotton and okra during both years, whereas oviposition was more sporadic on tomato. At Rangapur and Muttojipet during 2001Ð2002 (Figs. 4 and 5) , continuous oviposition occurred on cotton and chili, but it was more sporadic on corn. At Ekalashpur and Hosur during 2000 Ð2001 (Figs. 6 and 7) , sorghum recorded the highest number of eggs at a single time for any crop, but the oviposition period was very short. Similarly, oviposition was relatively high on sunßower at the Punjab Rao University farm but only for a short period (Fig. 2) .
Over all sites, egg numbers were signiÞcantly greater on pigeonpea, chickpea, and okra than on cotton at comparable times (Table 4) . Indeed, at all locations where chickpea and okra occurred with cotton, the average number of eggs was higher on these crops than on cotton. The same was true of pigeonpea, except at the Tamil Nadu University farm where numbers were comparable. Chickpea recorded the highest average numbers, followed by sunßower and pigeonpea. Egg numbers on sunßower, tomato, chili, and corn were not statistically different from those on cotton.
Larval Numbers. Larval populations also ßuctuated across the cropping period on all crops during both seasons (Figs. 2Ð9) . Larval populations on cotton and pigeonpea were present almost throughout the season, with peaks coinciding with bloom periods at the Punjab Rao University farm, Wani Rambapur, Ekalashpur, Hosur, and the Tamil Nadu University farm (Figs. 2 and 3 , and 6 Ð 8).
The larval population per hectare was greatest on chickpea followed by pigeonpea and was signiÞcantly greater than that on cotton in both cases (Table 4) . Overall, larval numbers on sunßower, okra, tomato, and corn were not signiÞcantly different from cotton. Larval populations were more sporadic on these crops than on pigeonpea and cotton, but when populations were present, they tended to be higher on sunßower, okra, and tomato than on cotton (Figs. 2, 7 , and 9). In contrast, larval numbers were consistently higher on cotton than on corn (Rangapur and Muttojipet, Figs. 4 and 5) and tended to be comparable or higher on cotton than chili (Wani Rambapur, Rangapur, and Muttojipet, Figs. 3Ð5). Overall, larval numbers were signiÞcantly lower on chili than on cotton (Table 4) . Similarly, despite the heavy oviposition on sorghum at Ekalashpur, larval populations were low on sorghum in both years at this site (Fig. 6 ). At Hosur, sorghum supported signiÞcant larval populations but only for a short time (Fig. 7) .
Discussion
H. armigera is a polyphagous insect pest in the Indian cropping system and completes Ϸ10 generations per year among the crops it attacks. The main aim of this 2-yr study was to evaluate the abundance of H. armigera on its major alternative host crops relative to cotton in central and southern India. The land holdings in these regions are small, with an average area of each crop of Ϸ1 ha Ϸ2Ð3 acres per farm. The host crops are grown in proximity to one another and pest movement among crops tends to be high.
Relative Abundance of H. armigera on Various Host Crops. As in other published studies, differences in the density of eggs on various hosts were seen in this study, possibly reßecting adult oviposition preferences. Chickpea had the highest density of eggs of H. armigera, followed by pigeonpea. Tomato and okra also had higher egg densities than cotton, whereas chili had lower egg densities than cotton. Sorghum also had much higher egg densities than cotton when eggs were present, but the crop duration was short and it was not present throughout the cotton-growing season. The abundant weed L. mollis also supported high densities of H. armigera eggs. In a previous comparable study, more eggs were recorded on tomato, sorghum, corn, and beans than on cotton (Parsons 1940 ). Similarly, studies conducted at Lam Farm, Guntur (India), indicated heavy oviposition on cotton, pigeonpea, tomato, and chickpea (Anonymous 1994) . Laboratory studies on relative host preferences of H. armigera have shown cotton to be a less preferred host (Firempong and Zalucki 1990, Jallow and Zalucki 1996). In addition, Ahrekar et al. (1999) also recorded large numbers of eggs of H. armigera on L. mollis. In general, ovipositional preferences have been attributed to the differential effects of microclimate, host plant volatiles, and other factors (Anonymous 1994 , Jallow and Zalucki 1998 , Cunningham et al. 1999 , Jallow et al. 1999 , Maezler and Zalucki 1999 .
All major host crops supported larval populations in the current study. Both chickpea and pigeonpea supported signiÞcantly larger populations than cotton. Tomato and okra also had higher larval numbers than cotton, in agreement with studies conducted at Guntur on vegetable and Þeld crops (Anonymous 1994) . Similarly, in Australia, chickpea had the highest numbers of H. armigera larvae compared with other host crops (Miles and Ferguson 2001 ). In the current study, chili had lower larval populations than cotton. Although sorghum, sunßower and corn supported considerable larval populations, they also were relatively small compared with cotton and pigeonpea. In a previous study in India, corn was found to be an attractive host for H. armigera for oviposition, especially the silks, but few larvae survived because of heavy egg parasitism by Trichogramma species (Manjunath et al. 1970) . A few observations on L. mollis showed substantial numbers of larvae, conÞrming its potential as an alternative host. This weed has been recorded as a prominent host for H. armigera, especially during the off-season (Rajendran 2000) . All of these hosts play an important role in sustaining H. armigera populations. In Australia, studies have demonstrated that hosts such as sorghum, sunßower, and small areas of corn produce a large population of the pest that moves to cotton throughout the season (Wardhaugh et al. 1980) . Furthermore, in Australia, pigeonpea, sorghum, and corn produce more than twice the population of H. armigera observed on cotton (Fitt and Tann 1996, Sequeira and Playford 2001) . Studies conducted in South Africa revealed that both weeds and indigenous plants supported signiÞcant larval numbers of H. armigera compared with cotton, thus acting as refuge for Bt cotton in small-scale farming areas (Green et al. 2003) . Wu et al. (2002) have shown that, in China, natural refuge exists in terms of crops such as corn, soybean, and peanut that support greater larval populations than cotton. In the United States, other heliothine pests of cotton, including Helicoverpa zea (Boddie) and Heliothis virescens (F.), have been found to extensively use many alternative crop and weedy hosts (Schneider and Cross 1999) .
Phenology of H. armigera on Various Host Crops. The bloom period of cotton and pigeonpea overlapped at all of the locations tested in the current study. The bloom period lasted 5Ð7 wk and was marked by higher egg densities and larval infestation on both crops. It is well known that H. armigera oviposition is particularly heavy during the ßowering stages of its hosts (Parsons 1940 , Roome 1975 , Broadley 1978 , Wardhaugh et al. 1980 , Topper 1987 , Nyambo 1988 . In India, pigeonpea is grown throughout the country and often is grown along with cotton; in many places, it is cultivated as an intercrop. Planting of both crops occurs at a similar time, dictated by rainfall patterns. Flowering in pigeonpea usually starts 4 Ð5 wk after cotton and continues beyond the bloom period of cotton. Given the synchrony in bloom periods, H. armigera adult populations emerging from cotton and pigeonpea should mix to a very large degree.
In contrast, chickpea is cultivated as a winter crop toward the end of the cotton and pigeonpea cropping periods and has little phenological overlap with cotton. In chickpea, the infestation by H. armigera starts on the foliage before ßowering. Once the reproductive structures start occurring, the larvae move to these parts. In Australia, chickpea is being used as a spring crop, whereas pigeonpea is used as an autumn crop (Fitt 1989) and for managing resistance to insecticides (Miles and Ferguson 2001) . The other crop hosts of H. armigera also overlap in phenology with cotton to varying degrees, and, in combination, several alternative hosts always can be found supporting populations at the same time as cotton. Similarly, in Australia, Fitt (1989) noted that H. armigera populations may develop simultaneously on a number of hosts within a region and exploit a succession of cultivated and uncultivated hosts through the season.
Published studies indicate that H. armigera populations coming from different host crops at the same time are capable of intermating and producing viable progeny. Kvedaras et al. (2000) showed that the larval host plant does not signiÞcantly inßuence the chance of a female moth being mated, despite substantial variation in moth abundance among crops. Trap catch studies in China also have demonstrated the potential of moths emerging from different crops to interbreed (Wu et al. 2002) . However, the ability of moths from different hosts to interbreed will depend on several additional factors, including the distance between the crops and extent of moth movement. H. armigera adults are capable of moving long distances (Riley et al. 1992) . Overall, the probability of moths from different hosts mating with each other will be very high in India because of the diverse cropping systems, small landholdings, and H. armigera biology.
Insecticide Resistance Management. Several strategies have been developed for the management of resistance in target insects to transgenic Bt crops. One commonly used resistance management strategy is to require farmers to plant non-Bt crop refuges in combination with Bt crop Þelds. These refuges are expected to produce large numbers of susceptible pest insects, which can mate with any resistant individuals developing on Bt crops. This signiÞcantly delays the evolution of resistance in the insect pest. In countries such as the United States, where Bt cotton accounts for a considerable proportion of the total area under cotton, these structured refuges consist of conventional cotton varieties.
However, in China, structured refuges are not required for Bt cotton. Instead, the cropping pattern of small, diverse farms results in alternative host crops of H. armigera being routinely grown alongside Bt cotton Þelds, and these hosts provide a "natural refuge" (Wu et al. 2002) . Field studies carried out by Wu et al. (2002) in China have demonstrated that corn, peanut, soybean, and common cotton can serve as natural refuge for Bt cotton in certain regions of China. In small-scale farming areas in South Africa where Bt cotton is cultivated, indigenous plants and various weed species serve as alternative hosts for pests of Bt cotton (Green et al. 2003) . The absence of any cases of insect resistance to Bt crops in any country after up to 9 yr of intensive commercialization probably reßects, in part, the role played by alternative host crops and weedy species, particularly in a country such as China where adoption levels of Bt cotton are very high in some provinces, and no structured refuges are planted by farmers (Tabashnik et al. 2003) .
As in China, the Indian agricultural landscape is highly fragmented and different host crops of H. armigera are cultivated alongside cotton. Satellite mapping studies of cotton growing regions in central and southern India indicate that these alternative host crops (particularly pigeonpea) of H. armigera make up a substantial portion of the land area (K.C.R. et al., unpublished data). Nevertheless, the Indian Government, in approving Bt cotton for commercial cultivation in 2002, stipulated the planting of a structured refuge of 20% non-Bt cotton around the perimeter of the crop chießy as an insecticide resistance management strategy. The pest distribution data presented here, together with the satellite mapping data on cropping patterns, indicate that structured refuges for Bt cotton may not be necessary in the cotton belt of central and southern India; a variety of alternative hosts seem to support large H. armigera populations throughout the cotton-growing season. Thus, India may be able to follow China in allowing natural refuge to substitute for "structured refuges," as suggested by Khadi et al. (2003) .
